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Abstract 
Previous studies of CO2 absorption mainly focused on coal-fired flue gas with 12% CO2. However, in a hybrid process 
combining amine scrubbing with membrane technology, the CO2 concentration in the flue gas may be enriched to 20%. This 
work simulates absorber performance at 12 to 20% CO2 with the Independence model for piperazine (PZ) in Aspen Plus®. 5 
molal (m) PZ was chosen as the solvent with a solvent rate of 1.1*Lmin. To estimate the absorber performance in this range, a 
factorial design has been used to define the model inputs. Both in-and-out intercooling and pump-around intercooling have been 
simulated for the absorber. The model calculates the solvent rate, packing height, rich loading, and optimized position of 
intercooling for each case. Empirical correlations for rich loading and a semi-empirical correlation for normalized packing have 
been derived. When estimating real absorber performance, ܭீ  equals ݇௚Ąmeasured in wetted wall column times a correction 
factor ߮. For 99% removal, ߮ varies from 1.6 to 2.6. For 60% removal, ߮ varies from 0.6 to 0.8. 
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1. Introduction 
Membrane Technology and Research, Inc., has proposed a hybrid system combining amine scrubbing with 
membrane technology to reduce energy cost [1]. Previous studies of CO2 absorption mainly focused on coal-fired 
flue gas with 12% CO2. However, in the hybrid process, the CO2 concentration in the flue gas may be enriched to 
20%. 
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Fig. 1. Hybrid-series system combining amine scrubbing with membrane technology 
In the hybrid-series arrangement (Figure 1) [1] the outlet CO2 can be increased to 9.1% and removal can be 
reduced to 60%, which will result in smaller absorber packing height. With a larger driving force at the top and 
bottom of the absorber, higher lean loading can be used to minimize energy use. 
 
Fig. 2. Hybrid-parallel system combining amine scrubbing with membrane technology 
In hybrid-parallel arrangement (Figure 2), removal can be increased to 99%. Both the absorber and the membrane 
will deal with less CO2, which will result in smaller diameter and smaller membrane area. This work simulates 
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absorber performance at 12 to 20% CO2 and 60 to 99% removal with the Independence model [2] for 5 m PZ in 
Aspen Plus®.   
 
 
Fig. 3. Two types of intercooling 
To improve the mass transfer rate, both in-and-out intercooling and pump-around intercooling have been 
simulated for the absorber [3] (Figure 3). In order to calculate the optimized position of intercooling, the absorber is 
considered in parts: top, middle, and bottom. In-and-out intercooling draws and returns the solvent to the first stage 
of the middle part. Pump-around intercooling draws the solvent out from the last stage of the bottom part, and sends 
it back to the first stage of the bottom part after cooling. Each case has been simulated to find the best position for 
intercooling 
2. Safety 
In order to improve the mass transfer rate, both in-and-out intercooling and pump-around intercooling have been 
added to the absorber. However, this can result in gasket failure of the plate intercooling heat exchanger. Gasket 
failure will result in solvent splash and personnel exposure to amine. To avoid exposure, the plate heat exchanger 
should be put on ground level.  
If the heat exchanger is installed above ground level, solvent will splash over people when gasket fails. A splash 
protector should be added around the heat exchanger, and a spill containment system should be implemented to 
collect solvent. 
3. Absorber Performance with In-and-out and Pump-around Intercooling 
In order to predict the absorber performance using data calculated by Aspen Plus®, a factorial design was used to 
define the model inputs (Table 1). There are three degrees of freedom: CO2 into the absorber, absorber CO2 removal 
(f), and lean loading (LLDG). The factorial design includes 18 cases: three different CO2 concentrations (coal-fired 
flue gas with 12% CO2, and the hybrid process with 15% and 20% CO2), three different removals (60%, 90%, and 
99%), as well as two different lean loadings (over-stripping and normal lean loading was defined by the ratio of the 
partial pressure of CO2 in the lean solvent and the partial pressure of CO2 coming out of the absorber). With the 
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results from the factorial design, correlations between these factors have been developed to predict the rich loading 
and packing area from the CO2 concentration, CO2 removal, and LLDG. The top and middle sections of the absorber 
use Mellapak 250X. The bottom section uses Mellapak 2X. 5 m PZ was chosen as the solvent with a solvent rate of 
1.1*Lmin. Both in-and-out intercooling and pump-around intercooling have been simulated for the absorber. The 
solvent rate is 1.1*Lmin. The pump-around intercooling solvent recycle rate L/G is 5 mol/mol. The model calculates 
the solvent rate, packing areas, rich loading, and optimized position of intercooling for each case (Table 1). 
Table 1. Model Inputs and Calculated Absorber Packing Distribution 
Case 
CO2 
(%) 
f 
(%) 
஼ܲைమ
כ / ஼ܲைమǡ௢௨௧ 
LLDG 
(mol CO2/mol 
alk) 
RLDG 
(mol CO2/mol 
alk) 
L/G 
(mol/mol) 
Total Area 
(1000*m2) 
Area Fraction 
Top   Mid  Bot 
NP 
(sec*m2
/mol) 
 
1 12 60 0.037 0.265 0.397 3.3 301 0.4 0.2 0.4 222  
2 12 60 0.370 0.36 0.405 9.7 737 0.5 0.2 0.3 543  
3 12 90 0.037 0.192 0.390 3.3 382 0.3 0.3 0.4 188  
4 12 90 0.370 0.307 0.398 7.2 656 0.5 0.2 0.3 323  
5 12 99 0.037 0.061 0.379 2.3 393 0.4 0.3 0.3 176  
6 12 99 0.370 0.192 0.382 3.8 514 0.4 0.2 0.4 230  
7 15 60 0.037 0.275 0.401 4.3 316 0.4 0.2 0.4 186  
8 15 60 0.370 0.368 0.410 13.0 825 0.5 0.2 0.3 486  
9 15 90 0.037 0.206 0.392 4.4 367 0.4 0.3 0.4 144  
10 15 90 0.370 0.318 0.404 9.5 689 0.5 0.2 0.3 271  
11 15 99 0.037 0.071 0.382 2.9 403 0.4 0.3 0.3 144  
12 15 99 0.370 0.208 0.386 5.0 484 0.5 0.2 0.3 173  
13 20 60 0.037 0.290 0.406 6.2 342 0.4 0.2 0.4 151  
14 20 60 0.370 0.378 0.416 19.0 996 0.5 0.2 0.3 440  
15 20 90 0.037 0.226 0.397 6.4 370 0.4 0.2 0.4 109  
16 20 90 0.370 0.332 0.411 13.8 828 0.6 0.2 0.3 244  
17 20 99 0.037 0.088 0.386 4.0 389 0.4 0.3 0.4 104  
18 20 99 0.370 0.227 0.397 7.1 520 0.6 0.1 0.3 139  
 
Normalized packing (NP) can reflect the absorber efficiency. 
ܰܲ ൌ ୘୭୲ୟ୪ୱ୳୰୤ୟୡୣୟ୰ୣୟ୘୭୲ୟ୪ୋୟୱ୤୪୭୵୰ୟ୲ୣכେ୓మେ୭୬ୡכୖୣ୫୭୴ୟ୪                                                                                          (1) 
In Case 1,  
ܰܲ ൌ ଷ଴ଵכଵ଴଴଴୫మଵ଼Ǥ଼୩୫୭୪Ȁୱୣୡכ଴Ǥଵଶכ଴Ǥଽଽ ൌ ʹʹʹ כ ଶȀǤ  
A lower value for NP indicates better absorber performance, because the absorber needs less packing to capture 
the same amount of CO2. The NP is also the reciprocal of the average CO2 flux. Cases with low lean loading and 
high removal have lower normalized packing, which indicates better absorber performance. When using 
intercooling, the rich loading increases as expected with the inlet CO2, but it does not vary significantly, which 
indicates that the solvent practically reaches equilibrium with the CO2 at the bottom of the absorber.   
4. Rich loading empirical correlation  
In order to derive the RLDG empirical correlation, further experiments were performed at different lean loadings 
(Table 2). 
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Table 2: Data for RLDG Empirical Correlation 
Cases CO2 ln(CO2) f ln(f) 
LLDG ln(LLDG) RLDG (mol CO2/mol alk) (mol CO2/mol alk) 
1 0.12 -2.12 0.6 -0.51 0.265 -1.33 0.397 
2 0.12 -2.12 0.6 -0.51 0.36 -1.02 0.405 
3 0.12 -2.12 0.9 -0.11 0.192 -1.65 0.39 
3-1 0.12 -2.12 0.9 -0.11 0.231 -1.47 0.388 
4 0.12 -2.12 0.9 -0.11 0.307 -1.18 0.398 
4-1 0.12 -2.12 0.9 -0.11 0.327 -1.12 0.401 
4-2 0.12 -2.12 0.9 -0.11 0.336 -1.09 0.402 
5 0.12 -2.12 0.99 -0.01 0.061 -2.80 0.379 
6 0.12 -2.12 0.99 -0.01 0.192 -1.65 0.382 
7 0.15 -1.90 0.6 -0.51 0.275 -1.29 0.401 
8 0.15 -1.90 0.6 -0.51 0.368 -1.00 0.41 
9 0.15 -1.90 0.9 -0.11 0.206 -1.58 0.392 
10 0.15 -1.90 0.9 -0.11 0.318 -1.15 0.404 
11 0.15 -1.90 0.99 -0.01 0.071 -2.65 0.382 
12 0.15 -1.90 0.99 -0.01 0.208 -1.57 0.386 
13 0.2 -1.61 0.6 -0.51 0.29 -1.24 0.406 
14 0.2 -1.61 0.6 -0.51 0.378 -0.97 0.416 
15 0.2 -1.61 0.9 -0.11 0.226 -1.49 0.397 
15-1 0.2 -1.61 0.9 -0.11 0.261 -1.34 0.402 
16 0.2 -1.61 0.9 -0.11 0.332 -1.10 0.411 
16-1 0.2 -1.61 0.9 -0.11 0.35 -1.05 0.413 
16-2 0.2 -1.61 0.9 -0.11 0.358 -1.03 0.414 
17 0.2 -1.61 0.99 -0.01 0.088 -2.43 0.386 
18 0.2 -1.61 0.99 -0.01 0.227 -1.48 0.397 
19 0.2 -1.61 0.95 -0.05 0.303 -1.19 0.408 
 
There are three degrees of freedom: inlet CO2 (CO2), removal (f), and LLDG. The original terms (CO2, 1-f, and 
LLDG) and logarithm terms (ln(CO2), ln(1-f), and ln(LLDG)) were chosen as variables for regression (Table 2). 
After the statistical significance test, the empirical correlation of rich loading is: 

 ൌ ͲǤ͵͹Ͷ ൅ ͲǤͲͲͳ כ ሺͳ െ ሻ ൅ ͲǤͲͳͺ כ ሺܥܱଶሻ ൅ ͲǤͳ͸Ͳ כ 
 െ ͲǤͲͳͶ כ ሺ
ሻ       
R2=0.984                                                                                                                     (2) 
For all removals, the RLDG calculated by Aspen Plus® and RLDG predicted by correlation are plotted against 
LLDG at 12%, 15%, and 20% inlet CO2 concentration (Figure 4).   
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Figure 4: RLDG calculated by Aspen Plus® 
Figure 4 shows that the RLDG predicted by the correlation is close to the RLDG calculated by Aspen Plus® from 
0.05 to 0.4 LLDG.  It also shows that rich loading behaves linearly in the high lean loading range and increases with 
lean loading.  Rich loading lies between 0.37 and 0.42, suggesting that solvent practically reaches equilibrium with 
the inlet CO2. 
5. Normalized packing semi-empirical correlation 
In the absorber, if we assume plug flow for the gas, the average CO2 flux ( ஼ܰைమതതതതതത) is related to the overall mass 
transfer coefficient related to gas phase driving force (ܭீ) and the log mean CO2 partial pressure driving force 
(ο ஼ܲைమതതതതതതതത). 
                ஼ܰைమതതതതതത ൌ ீכ
ሺ௬೔೙ି௬೚ೠ೟ሻ
஺ ൌ ܭீ כ ο ஼ܲைమതതതതതതതത                                                                                                          (3) 
As discussed above, the NP is the reciprocal of ஼ܰைమതതതതതത, which can be written as Equation 4. 
                ܭீ ൌ ଵே௉כο௉಴ೀమതതതതതതതതത                                                                                                                                         (4) ܭீ  is related to the liquid-film mass transfer coefficient ݇௚ᇱ  and gas phase mass transfer coefficient ݇௚  in this 
series resistance relationship: 
                ଵ௄ಸ ൌ
ଵ
௞೒ ൅
ଵ
௞೒ᇲ
                                                                                                                                            (5) 
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݇௚ᇱ  has been measured in a wetted wall column and ܭீ can reflect the real absorber performance. However, when 
estimating absorber performance, ݇௚ᇱ  is usually substituted for ܭீ for convenience [4]. Of course this substitution is 
not accurate. The dimensionless group ௄ಸ௞೒ᇲ
 can be defined as a correction factor ߮, which can show how ܭீ varies 
with ݇௚ᇱ . If both sides of Equation 4 are divided by ݇௚ᇱ , and then the dimensionless group ߮is on the left side, as is 
shown in Equation 6. 
                   ߮ ൌ ௄ಸ௞೒ᇲ ൌ
ଵ
ே௉כ௞೒ᇲ כο௉಴ೀమതതതതതതതതത
                                                                                                                                      
(6) 
To predict NP, the dimensionless group ɔ was chosen as the term to be regressed. Comparison between ߮ 
predicted by correlation and ߮ calculated by Aspen Plus® shows how well the data is correlated. Equation 6 was 
used to calculate ߮  for each case. Since ݇௚ᇱ כ ο ஼ܲைమതതതതതതതത will change along the column, ݇௚ᇱ כ ο ஼ܲைమതതതതതതതത  requires a good 
approximation. Equation 7 provides an approximation of ݇௚ᇱ כ ο ஼ܲைమതതതതതതതത, using the log mean average of ݇௚ᇱ כ ο ஼ܲைమ at 
both lean and rich end to calculate ߮.   
   ݇௚ᇱ כ ο ஼ܲைమതതതതതതതത ൎ ݇௚ᇱ כ ο ஼ܲைమതതതതതതതതതതതതത௥௜௖௛ǡ௟௘௔௡ ൌ
௞೒ǡೝ೔೎೓ᇲ כቀ௉಴ೀమǡ೔೙ି௉಴ೀమǡೝ೔೎೓כ ቁି௞೒ǡ೗೐ೌ೙ᇲ כቀ௉಴ೀమǡ೚ೠ೟ି௉಴ೀమǡ೗೐ೌ೙כ ቁ
୪୬
ೖ೒ǡೝ೔೎೓ᇲ כቀು಴ೀమǡ೔೙షು಴ೀమǡೝ೔೎೓
כ ቁ
ೖ೒ǡ೗೐ೌ೙ᇲ כቀು಴ೀమǡ೚ೠ೟షು಴ೀమǡ೗೐ೌ೙
כ ቁ
                                       
(7) 
In Equation 7, ஼ܲைమ
כ  and ݇௚ᇱ  at the both lean and rich ends are required to calculate ߮.  ஼ܲைమǡ௟௘௔௡כ  was found from 
the 5 m PZ VLE curve at 40 °C, while ஼ܲைమǡ௥௜௖௛
כ  was predicted from RLDG using Equation 8, which was regressed 
from the 5 m PZ VLE curve at 40 °C.  RLDG was predicted from LLDG, 1-f, and CO2 inlet concentration using 
Equation 2.   
      ஼ܲைమכ ൌ ʹͻǤʹͻ כ ሺܥܱଶሻଶ ൅ ͹ǤʹͶ כ ܥܱଶ െ ͷǤͷ͸ܴଶ ൌ ͲǤͻͻͷ                                          (8) 
To predict ݇௚ᇱ  at the lean and rich ends, CO2 rate data from Dugas [5] was used for the ݇௚ᇱ  correlation. 
Table 4. CO2 Rate Data for 5 m PZ Solution at 40 ˚C 
 
 
Equation 9 is the ݇௚ᇱ  correlation during 0.226 to 0.402 CO2 loading regressed from the Dugas data. ݇௚ᇱ  is a linear 
function of ሺܥܱଶሻ. Equation 9 was also used to extrapolate ݇௚ᇱ  outside this CO2 loading range. 
݇௚ᇱ ൌ െ͸ ൈ ͳͲି଺ ሺܥܱଶሻ െ ͷ ൈ ͳͲି଺ܴଶ ൌ ͲǤͻͻͺ       
(9) 
Table 5. Data for NP semi-empirical Correlation 
 
஼ܲைమǡ௜௡ ஼ܲைమǡ௢௨௧ ஼ܲைమǡ௟௘௔௡
כ  ஼ܲைమǡ௥௜௖௛
כ  ݇௚ǡ௟௘௔௡ᇱ  ݇௚ǡ௥௜௖௛ᇱ  ݇௚ᇱ כ ο ஼ܲைమതതതതതതതതതതതതത NP ߮ 
  kPa kPa kPa kPa mol/s*Pa*m2 mol/s*Pa*m2 mol/s*m2 sec*m2/mol   
1 12.2 5.2 0.2 6.8 3.0E-06 5.5E-07 7.4E-03 222 0.61 
2 12.2 5.2 1.9 8.8 1.1E-06 4.2E-07 2.4E-03 543 0.76 
3 12.2 1.4 0.0 5.5 4.9E-06 6.6E-07 5.3E-03 188 1.00 
3-1 12.2 1.4 0.1 5.2 3.8E-06 6.9E-07 4.8E-03 189 1.10 
4 12.2 1.4 0.5 7.1 2.1E-06 5.3E-07 2.2E-03 323 1.39 
CO2 loading kg' 
mol CO2/mol alk mol/s*Pa*m2 
0.226 4.39E-06 
0.299 2.57E-06 
0.354 1.69E-06 
0.402 7.93E-07 
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4-1 12.2 1.4 0.8 7.7 1.7E-06 4.9E-07 1.5E-03 425 1.58 
4-2 12.2 1.4 1.0 8.0 1.5E-06 4.7E-07 1.1E-03 505 1.76 
5 12.2 0.1 0.0 4.0 1.2E-05 8.3E-07 3.6E-03 176 1.60 
6 12.2 0.1 0.1 4.4 4.9E-06 7.7E-07 2.1E-03 230 2.06 
7 15.2 6.7 0.2 7.7 2.7E-06 4.9E-07 8.9E-03 186 0.60 
8 15.2 6.7 2.4 10.2 1.0E-06 3.5E-07 2.8E-03 486 0.74 
9 15.2 1.8 0.1 5.9 4.5E-06 6.2E-07 6.7E-03 144 1.04 
10 15.2 1.8 0.6 8.5 1.9E-06 4.4E-07 2.5E-03 271 1.48 
11 15.2 0.2 0.0 4.4 1.1E-05 7.7E-07 4.3E-03 144 1.60 
12 15.2 0.2 0.1 5.0 4.4E-06 7.1E-07 2.5E-03 173 2.30 
13 20.3 9.2 0.3 9.0 2.4E-06 4.1E-07 1.1E-02 151 0.60 
14 20.3 9.2 3.4 12.4 8.4E-07 2.6E-07 3.3E-03 440 0.69 
15 20.3 2.5 0.1 6.9 3.9E-06 5.4E-07 8.3E-03 109 1.11 
15-1 20.3 2.5 0.2 8.1 3.1E-06 4.6E-07 6.3E-03 133 1.19 
16 20.3 2.5 0.9 10.6 1.6E-06 3.3E-07 2.9E-03 244 1.42 
16-1 20.3 2.5 1.4 11.4 1.3E-06 3.0E-07 1.9E-03 322 1.61 
16-2 20.3 2.5 1.8 11.7 1.2E-06 2.9E-07 1.5E-03 383 1.78 
17 20.3 0.3 0.0 4.9 9.6E-06 7.2E-07 5.6E-03 104 1.71 
18 20.3 0.3 0.1 6.9 3.9E-06 5.4E-07 2.7E-03 139 2.65 
19 20.3 1.3 0.5 9.6 2.2E-06 3.8E-07 2.7E-03 197 1.86 
 
Table 5 shows the data used for NP semi-empirical correlation. The regressed dimensionless group ߮ is related to 
three degrees of freedom: CO2, f, and LLDG. The original terms, logarithm terms, and crossing terms were chosen 
as variables for ߮  correlation. With ߮  correlation, NP can be calculated using Equation 6. After the statistical 
significance test, the semi-empirical correlation is shown as Equation 10. 
߮ ൌ  ௄ಸ௞೒ᇲ ൌ െͳǤʹͳ െ ͲǤʹͻ כ ሺͳ െ ݂ሻ ൅ ͳǤ͵ כ ܮܮܦܩ െ ͲǤ͸Ͷ כ ሺͳ െ ݂ሻ כ ܮܮܦܩܴ
ଶ ൌ ͲǤͻͷͷ       
(10)     
For all inlet CO2 concentrations, ߮calculated by Aspen Plus® and ߮ predicted by correlation are plotted against 
LLDG at 60%, 90%, 95%, and 99% CO2 removal in Figure 5.  
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Figure 5: ࣐ calculated by Aspen Plus®  
As is shown in Figure 5, the dimensionless group ߮ varies from 0.5 to 4 and the curve shifts at different CO2 
removal levels. When estimating real absorber performance, simply substituting ݇௚ᇱ  measured in the wetted wall 
column for ܭீ is not accurate. ܭீ equals ݇௚ᇱ  times a correction factor ߮, and the correction factor ߮ is a function of 
LLDG and f (Equation 10). For 99% removal, ߮ varies from 1.6 to 2.6. For 60% removal, ߮ varies from 0.6 to 
0.8.There are two reasons for the deviation between the ௄ಸ௞೒ᇲ
 calculated by Aspen Plus® and ௄ಸ௞೒ᇲ
 predicted by 
correlation. The first reason is that the log mean average of ݇௚ᇱ כ ο ஼ܲைమ at both the lean and rich ends is chosen as the 
݇௚ᇱ כ ο ஼ܲைమതതതതതതതത approximation.  Since ݇௚ᇱ varies with CO2 loading, ݇௚ᇱ  will change along the column. At high CO2 
removal, the column is closer to the lean end pinch, thus ݇௚ᇱ כ ο ஼ܲைమ at the lean end should be weighted more. At 
high CO2 removal, the column is closer to the rich end pinch and ݇௚ᇱ כ ο ஼ܲைమ at the rich end should be weighted 
more.  The second reason is the inaccuracy when using Equation 2 & 8 to predict ஼ܲைమ
כ  and Equation 9 to predict ݇௚ᇱ . 
6. Conclusion 
1. The absorber performance can be represented by normalized packing (NP): the lower, the better. 
    ܰܲ ൌ ୘୭୲ୟ୪ୱ୳୰୤ୟୡୣୟ୰ୣୟ୘୭୲ୟ୪ୋୟୱ୤୪୭୵୰ୟ୲ୣכେ୓మେ୭୬ୡכୖୣ୫୭୴ୟ୪                                                                                                                   (1) 
2.  RLDG can be predicted by Equation 2.  RLDG increases with lean loading, but does not vary much with 
removal.  RLDG lies between 0.37 and 0.42, suggesting that the solvent practically reaches equilibrium with the 
inlet CO2 
    
 ൌ ͲǤ͵͹Ͷ ൅ ͲǤͲͲͳ כ ሺͳ െ ሻ ൅ ͲǤͲͳͺ כ ሺܥܱଶሻ ൅ ͲǤͳ͸Ͳ כ 
 െ ͲǤͲͳͶ כ ሺ
ሻ                  (2)        
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3. NP can be predicted by Equation 2, 6, 7, 8, 9, &10. 
ە
ۖۖ
۔
ۖۖ
ۓ ߮ ൌ ͳܰܲ כ ݇௚Ą כ ο ஼ܲைమതതതതതതതത
ሺ͸ሻ
݇௚Ą כ ο ஼ܲைమതതതതതതതത ൎ ݇௚Ą כ ο ஼ܲைమതതതതതതതതതതതതതത௥௜௖௛ǡ௟௘௔௡ሺ͹ሻ
 ஼ܲைమכ ൌ ʹͻǤʹͻ כ ሺܥܱଶሻଶ ൅ ͹ǤʹͶ כ ܥܱଶ െ ͷǤͷ͸ሺͺሻ
݇௚Ą ൌ െ͸ ൈ ͳͲି଺ ሺܥܱଶሻ െ ͷ ൈ ͳͲି଺ሺͻሻ
 ߮ ൌ െͳǤʹͳ െ ͲǤʹͻ כ ሺͳ െ ݂ሻ ൅ ͳǤ͵ כ ܮܮܦܩ െ ͲǤ͸Ͷ כ ሺͳ െ ݂ሻ כ ܮܮܦܩሺͳͲሻ
 
4. When estimating real absorber performance, simply substituting ݇௚ᇱ  measured in the wetted wall column for ܭீ 
is not accurate. ܭீ equals ݇௚ᇱ  times a correction factor ߮, and the correction factor ߮ is a function of LLDG and f 
(Equation 10). For 99% removal, ߮ varies from 1.6 to 2.6. For 60% removal, ߮ varies from 0.6 to 0.8. 
Acknowledgements 
This material is based on work supported in part by the Department of Energy under Award Number DE-
FE0013188. The authors also acknowledge the financial support of the Texas Carbon Management Program. 
The authors declare the following competing financial interest(s): One author of this publication consults for 
Southern Company and for Neumann Systems Group on the development of amine scrubbing technology. The terms 
of this arrangement have been reviewed and approved by the University of Texas at Austin in accordance with its 
policy on objectivity in research. The authors have financial interests in intellectual property owned by the 
University of Texas that includes ideas reported in this paper. 
Disclaimer: This report was prepared as an account of work sponsored by an agency of the United States 
Government.  Neither the United States Government nor any agency thereof, nor any of their employees, makes any 
warranty, express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe 
privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, 
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement, recommendation, or 
favoring by the United States Government or any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United States Government or any agency thereof. 
References 
[1] Freeman B, Hao P, Baker R, Kniep J, Chen E, Ding J, Zhang Y, Rochelle GT. Hybrid membrane-absorption CO2 capture process. Presented 
at GHGT-12, Austin, United States, October 5-9, 2014. Energy Procedia, 2014; 
[2] Frailie PT. Modeling of Carbon Dioxide Absorption/Stripping by Aqueous Methyldiethanolamine / Piperazine. PhD Dissertation, The 
Univeristy of Texas at Austin: Austin, 2014;  
[3] Sachde D, Rochelle GT. Absorber Intercooling Configurations using Aqueous Piperazine for Capture from Sources with 4 to 27% CO2. 
Presented at GHGT-12, Austin, United States, October 5-9, 2014. Energy Procedia, 2014; 
[4] Chen E. Carbon Dioxide Absorption into Piperazine Promoted Potassium Carbonate using Structured Packing. PhD Dissertation, The 
Univeristy of Texas at Austin: Austin, 2007;  
[5] Dugas RE. Carbon Dioxide Absorption , Desorption , and Diffusion in Aqueous Piperazine and Monoethanolamine. PhD Dissertation, The 
Univeristy of Texas at Austin: Austin, 2009; 
[6] Ding J, Rochelle GT. Optimization of Stripping of Concentrated Piperazine Over a Wide Range of Rich Loading. Presented at GHGT-12, 
Austin, United States, October 5-9, 2014. Energy Procedia, 2014. 
